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Abstract 
The role of small cracks on fatigue life and loss of ductility are discussed to understand the reality of fatigue damage in low cycle 
fatigue. The series of low cycle fatigue tests were carried out paying attention to the role of small cracks and its influence on 
ductility loss. These tests showed that the fatigue lives were pronouncedly extended by removing surface cracks. Also, it was 
quantified that the loss of fracture ductility was correlated with crack length but not with the number of fatigue cycles. From 
those results, it is elucidated that the behavior of small cracks is crucial to explain the mechanism of low cycle fatigue damage 
rather than the crack initiation process and change in bulk material properties. 
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1. Introduction 
It is well known that low cycle fatigue can be expressed as:  
C N  α
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where 'Hp is the cyclic plastic strain range, Nf is the number of cycles to failure, and C and D are material constants.
Equation (1) was proposed by Coffin (1954). A similar another equation was also proposed by Manson (1953, 1954). 
This relationship is well known as Coffin-Manson law. 
Coffin (1956) proposed that the value of C in Eq. (1) can be correlated with fracture ductility (or fracture strain) 
Hf  as given by: 
)]1/(1ln[/ln5.0
off
\$$HH      here : C                                                                                               (2) 
where Ao is the initial area of cross-section, A is the area of the minimum cross-section after tensile test, and \ is 
reduction of area. It has been discussed that the constant C can be correlated with material ductility. After early 
work by Coffin (1956), similar tests were conducted by other researchers and similar conclusions were derived. 
These discussions have led many researchers to misconception of fatigue damage. A typical misconception is that 
low cycle fatigue damage is thought to be the weakening or losing the bulk strength of a material due to irreversible 
slip in crystals or plastic strain cycling due to microstructural change such as dislocation structures. However, 
Murakami and Miller (2005) showed the concrete evidence that the fatigue life is determined by the behavior of 
surface cracks rather than the accumulation of cyclic strain and change in material bulk qualities. They discussed 
fatigue damage from the viewpoint of small cracks growth during total fatigue life and pointed out that the very 
ambiguous term “Fatigue Damage Accumulation” leads often researchers to the misconception. 
As reported by Kikukawa et al. (1972), the fracture life Nf can be extended when the surface layer of a specimen 
is removed during fatigue testing, though cyclic strain hardening or softening occurs in the bulk material. Their 
works also suggested that attention should be paid to the condition of surface layer of a specimen to understand the 
real meaning of fatigue damage. It has been more clearly shown by Murakami et al (1983, 1989, 2005) that presence 
of small cracks in the surface layer has the direct correlation with fatigue damage. They showed that the low cycle 
fatigue process is mostly (nearly 100%) dominated by small crack growth process. Also, it was shown that the loss 
of fracture ductility is related not to the history of strain cycles but to the length of surface cracks. Following the 
previous works, we carried out the experimental study to confirm that the fatigue life can be extended by removing 
surface cracks, and that the loss of fracture ductility is caused by presence of surface cracks. From these results, we 
concluded that the discussion of low cycle fatigue damage based on surface cracks is most crucial to understand the 
fatigue life and damage in low cycle fatigue regime. 
2. Material and experimental procedure 
The material used for test specimens was a round bar of 0.15% carbon steel. Pieces of bar were annealed at 900ϨC 
for 1 hr and then machined on a lathe. The chemical composition and mechanical properties of this material are 
shown in Table 1. Figure 1 shows the shape and dimension of the specimen. In some specimens, a partial notch or a 
hole was introduced on the surface of specimens. The partial shallow notch shown in Fig. 1 (b) was introduced to 
localize the location of crack initiation to  a small area for easiness of  the observation of crack initiation and growth  
 
Table 1. Chemical composition and mechanical properties of material (VS; Yield stress [MPa], VB; Ultimate tensile strength [MPa], \Reduction 
of area [%]) 
 
Chemical composition [wt, %] Mechanical properties [MPa, %] 
C Si Mn P S Cr Ni Cu Fe VS VB     \
0.15 0.30    0.50 0.013 0.013 0.19 0.05 0.14 Bal. 283 449 60 
 
 
              a                                                                                   b                                                   c
 
 
 


Fig. 1. Geometry and dimension of the specimen and notches (in mm), (a) Specimen, (b) Partial notch, (c) Hole. 
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compared to a completely smooth specimen. But comparing the fatigue lives with those of smooth specimens, the 
specimen with the shallow partial notch can be approximately regarded a kind of smooth specimen. 
The specimens having an artificial small hole with less fatigue cycles were used to compare fracture ductility with 
the smooth specimens or specimens with partially notched specimens having small cracks after longer fatigue cycles. 
Hereinafter, specimens with a partial notch are called “partially notched specimen”. Specimens having a hole are 
called “holed specimen”. 
Push-pull low cycle fatigue tests were carried out by strain control technique with 0.1 Hz of cyclic frequency. A 
clip gage of 10 mm length was set in test section of specimen. The total cyclic strain range 'Ht was set a constant 
value during test. The observations of crack initiation and growth were performed by replication techniques. In some 
tests, the specimen surface was removed once or several times interrupting test after a determined number of stress 
cycles. The fatigue lives were compared with the ones without surface removal. The crack growth behaviors under 
some testing conditions were compared. The tensile fracture ductility Hf (Eq.(2)) was measured by tensile tests for 
the fatigues specimens. The relationships between the fracture ductility Hf and number of cycles N or length of main 
crack l were compared with holed specimens and partially notched specimens.  
3. Experimental results and discussion 
3.1 Extension of fatigue life by removing surface layer 
Figure 2 shows the relationship between cyclic plastic strain range 'Hp and number of cycles to failure Nf. The 
circular symbols show the data for the ordinary low cycle fatigue test using partially notched specimens without 
interrupting the test until final failure. The data are almost close to the life of the smooth specimen denoted by a 
solid circular symbol. The triangular symbols show data for the specimens whose surface layer was removed after 
interrupting the previous fatigue test before failure. In these cases, the length l of existing cracks was checked before 
surface removal. In Fig. 2, the numbers associated with the triangular symbols show the number of times of surface 
removal. The arrows associated with the triangular symbols show the data in which the test was stopped before 
specimen failure. Although the values of total strain range 'Ht were kept constant, plastic strain range'Hp varied due 
to cyclic hardening or softening. Therefore, the values of 'Hp are shown by the values at Nf/2 of partially notched 
specimens. The first removal of surface layer was carried out when the number of cycles N was reached about Nf/2 
of partially notched specimen. After the surface removal, the test was continued until the specimen was broken. As 
shown in Fig. 3, third and forth surface removal was carried out every defined number of cycles (#Nf/2). The depth 
of removal layer was 0.2mm. Figure 3 shows the examples of variation of stress range for 'Ht =0.0139 or 0.0161 
('Hp =0.0111 or 0.0132). 
The Coffin-Manson law for the ordinary low cycle fatigue test without surface removal is expressed by:  
33.040.0
fp
  NH'                                                                                                                                             (3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Relationship between plastic strain range 'Hp and                   Fig. 3. Examples of variations in the stress range. The arrows 
                                   the number of cycles to failure Nf .                           show the cycles where the cracked surface layer was removed.
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When the surface layer was removed four times, the fatigue life was extended more than twice of Nf without 
surface removal. As shown later and in the previous studies by Murakami et al. (1983, 1989, 2005) , when the crack 
length reached 1 mm, the relative number of cycles N/Nf was more than 0.8. Thus, we can note that if a crack is 
visible with naked eyes, the specimen will break with additional small cycles. Considering the experimental fact, the 
surface layer of the specimens with triangular symbols in Fig. 2 was removed at the cycle N before the main crack 
length reached 0.2 mm. Since it is very difficult to observe the entire specimen surface, only the main crack 
nucleating from the partial notch was measured during the tests. In the case of triangular symbol associated with an 
asterisk (*) in Fig. 2, another crack which was over looked grew from outside the partial notch, and its length 
became longer than 1 mm. From SEM observation it was revealed that there existed an exceptional material defect 
at the crack origin. The final crack length was 1.7mm at N/Nf=0.90. The test for the specimen with * was stopped at 
N/Nf=0.9 and it was used to measure the ductility loss as shown later in Figs. 6 and 7. After this experience, the 
surface layer was removed carefully not only inside the partial notch but also overall surface of the specimen. 
Except for the data with * in Fig. 2, all the surface cracks were removed when the following fatigue tests were 
continued. 
Extension of fatigue life by removing small surface cracks indicates that low cycle fatigue life is controlled by 
surface conditions, more concretely by small surface cracks. Considering that low cycle fatigue process is mostly 
(nearly 100%) dominated by small crack growth process, we can conclude that the reality of fatigue damage is the 
existence of small cracks and not overall microstructural change such as dislocation structure or void nucleation 
during fatigue cycles as also pointed out by Feltner and Beardmore (1970). 
 
3.2 Cause of ductility loss during fatigue cycle 
 
Murakami et al. (1989, 2005) showed that the fracture ductility during fatigue cycle of 70/30 brass had a good 
correlation with the length of crack regardless of fatigue cycles. We carried out a series of experiments to confirm 
their conclusion by using 0.15% carbon steel. Partially notched specimens with and without surface removal, and 
holed specimens were used for the measurement of ductility loss in tensile test. 
Figure 4 shows the relationship between the crack length l and relative number of cycles N/Nf, where the value of 
Nf for the data of partially notched specimens is employed as the scale of fatigue cycles. The crack length l of holed 
specimens is defined by including the diameter of hole. Naturally, the holed specimen having a hole with d = h = 
0.2 mm, had fewer cycles to produce a cracks of the same length compared to partially notched specimens. Figure 4 
indicates that the crack growth rate is not so much different between the holed specimens and partially notched 
specimens. The crack growth curve for the specimen with h = d/2 = 0.05 mm shows almost the same tendency as 
that of partially notched specimens. This means that the crack growth rate is not affected by the accumulation of 
strain cycles, i.e. so-called “fatigue damage” referred by many researchers when the applied strain conditions are the 
same.  
Now, we compare the residual ductility of holed specimens and smooth specimens as a function of applied strain 
cycles and that of crack length.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Crack growth curves   ('Hp=0.0132, Nf=4510 and                     Fig. 5. Results of tensile tests (l denotes the length of 
                 'Hp=0.009, Nf=13990).                                                       main surface crack when tensile test was started). 
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Fig. 6. Relationship between fracture strain Hf  and relative number                  Fig. 7.  Variations in fracture ductility Hf  as a function of 
     of cycles N/Nf .  The numbers associated with the data points                                    surface crack length l. * see Fig.2. 
                denote the crack length l at the moment of tensile test. Nf is  
the fatigue life of partially notched specimens. * see Fig.2.  
                                                                                   
The tensile tests were carried out on fatigued specimens and unfatigued specimens by interrupting fatigue test. 
Figure 5 shows the tensile stress – elongation G curves. 
The elongation was measured between the grip edges. The open circles show the curve of unfatigued specimen 
before fatigue test. The cyclic strain hardening caused higher ultimate strength VB of fatigued specimens.  
The fracture morphology was affected by the cyclic conditions and the types of the specimens. The final fracture 
stresses were also affected by the fracture mode. As shown later, the final ductile fractures were either cup-and-cone 
type or shear fracture from the surface layer. In cases where the fracture mode was cup-and-cone, the nominal 
fracture stress was higher than that the cases of shear fracture.  
Figure 6 shows the relationship between the fracture ductility Hf and the relative numbers of cycles N/Nf, where 
fracture ductility Hf was defined by Eq. (2). The fatigue crack length l at the moment of tensile tests is associated 
with the data points in Fig. 6. Figure 7 shows the relationship between the fracture ductility Hf and the fatigue crack 
length l at the moment of tensile tests. 
In these figures, the data for the partially notched specimens and holed specimens are plotted all together. If the 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Specimen after surface removal with l=0mm and N/Nf=1.42,              Fig. 9.  Partially notched  specimen with l=1.21mm  and N/Nf  
(a) Top view,  (b) View from inclined direction.                                    =0.85, (a) Top view, (b) View from inclined direction. 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Partially notched specimen with l=1.7mm and N/Nf=2.17,           Fig. 11.  Holed specimen (d=0.2mm) with l=1.4mm  and N/Nf=0.4 
(a) Top view, (b) View from inclined direction.                                                (a) Top view, (b) View from inclined direction. 
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fracture ductility Hf is plotted in terms of fatigue cycles N/Nf, the series of the data A, B and C are separately plotted 
and a unique curve cannot be obtained. However, the fracture ductility Hf can be summarized uniquely with crack 
length l. In other words, this means that the fracture ductility Hf cannot be used as the parameter to express the 
microstructual change of the bulk materials based on the number of applied cycles or history of applied strain. 
Thus, the fracture ductility or residual ductility has a strong correlation with crack length l regardless of fatigue 
cycle. At the same time, we can conclude that the change in microstructural quality such as dislocation structure 
after fatigue cycles has no substantial relationship with the variations in fracture ductility. Also, it is not reasonable 
to say that the changes in the material qualities after low cycle fatigue test are related to the variations in fracture 
ductility Hf.Thus, the reality of fatigue damage of low cycle fatigue is the existence of small fatigue cracks. 
  Figures 8 - 11 show the fracture surfaces which were obtained by tensile tests. The original fracture pattern is a 
cup and cone pattern, where the tensile fracture was originated from voids nucleating dimples in the central part of 
the specimen. This pattern is also observed in the cases of non-fatigued specimens and specimens with very small 
cracks whose length was shorter than 0.8 mm. The same pattern was also observed on the specimen with surface 
removal where l = 0 mm as shown in Fig. 8. When the surface crack became longer, the shear fracture started from 
the surface fatigue cracks. In the case of Fig. 9, the fracture started from both from internal voids and surface fatigue 
crack. However, the final fracture mode is shear type. In Figs. 10 and 11, the start of shear fracture was a fatigue 
crack. Thus, the loss of fracture ductility is related to the fracture modes. When the fracture started unstably from 
fatigue crack or surface crack by shear mode, the ductility loss is pronounced. The critical crack length lc for 
unstable shear fracture is approximately lc =0.8mm which is longer than the value for annealed 70/30 brass, i.e. lc 
=0.4mm. 
 
Conclusions 
 
The role of cracks and fatigue damage in process of low cycle fatigue were discussed based on the experiments 
focusing on small cracks and also based on previous studies. The conclusions can be summarized as follows. 
(1) Low cycle fatigue process was dominated almost 100% by growth behavior of small cracks. 
(2) Removing small surface cracks extends fatigue life and recovers material ductility regardless of change in the 
bulk material properties during fatigue cycles.  
(3) The loss of fracture ductility Hf is caused by the existance of small surface cracks. The ductility loss can be 
uniquely correlated with crack length but not with number of fatigue cycle N. 
(4) There is a critical crack size lc for the drastic decrease in ductility due to unstable shear fracture. lc =0.8mm for 
the low carbon steel used in this research and  lc =0.4mm for annealed 70/30 brass. 
(5) It is misconceptions to correlate changes in microstructural material properties such as dislocation structure and 
energy dissipation ability to fatigue damage. The reality of low cycle fatigue damage is the existence of small cracks. 
The geometrical dimension of cracks is the most important factor for the discussion. 
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